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ABSTRACT
Aquatic biospheres reliant on oxygenic photosynthesis are expected to play an important role on
Earth-like planets with large-scale oceans insofar as carbon fixation (i.e., biosynthesis of organic
compounds) is concerned. We investigate the properties of aquatic biospheres comprising Earth-like
biota for habitable rocky planets orbiting Sun-like stars and late-type M-dwarfs such as TRAPPIST-1.
In particular, we estimate how these characteristics evolve with the ambient ocean temperature (TW ),
which is a key environmental variable. We show that many salient properties, such as the depth of
the photosynthesis zone and the net primary productivity (i.e., the effective rate of carbon fixation),
are sensitive to TW , and eventually decline substantially as the ocean temperature is increased. We
conclude by discussing the implications of our analysis for the past and future Earth, and exoplanets
orbiting M-dwarfs.
1. INTRODUCTION
It is a well-known fact that the Earth’s environment -
its lithosphere, hydrosphere, atmosphere, and biosphere
- has transformed greatly over time (Lunine 2013; Knoll
2015; Stu¨eken et al. 2020), and the same also applies to
other terrestrial planets in our Solar system (Ehlmann
et al. 2016; Kane et al. 2019). In tandem, there has
been growing awareness of the fact that habitability is
a multi-faceted and dynamic concept that depends on
a number of variables aside from the existence of liquid
water (Kasting 2012; Cockell et al. 2016; Shields et al.
2016; Lingam & Loeb 2019a); the latter criterion is com-
monly employed to demarcate the limits of the so-called
habitable zone (Dole 1964; Hart 1979; Kasting et al.
1993; Kopparapu et al. 2013; Ramirez 2018).
One of the most crucial environmental parameters
that regulates myriad biological processes, and thus
the propensity for planetary habitability, is the ambi-
ent temperature (Cossins & Bowler 1987; Hochachka &
Somero 2002; Angilletta 2009; Clarke 2017). To be-
gin with, it has been thoroughly esablished that even
modest deviations in the environmental temperature can
trigger a multitude of subtle but devastating effects on
ecosystems, as seen from the unfolding saga of anthro-
pogenic global warming on Earth (Blois et al. 2013; Kol-
bert 2014; McCauley et al. 2015; Pacifici et al. 2015;
Behrenfeld et al. 2016) as well as certain mass extinc-
tions in the Phanerozoic (Hallam & Wignall 1997; Bam-
bach 2006; Bond & Grasby 2017; Penn et al. 2018). On
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a different note, there exists a large body of work on
the thermal limits of life based on comprehensive exper-
iments on thermophiles (Rothschild & Mancinelli 2001;
McKay 2014; Clarke 2014; Merino et al. 2019). In recent
times, some studies have employed the thermal limits
for Earth-like complex life to assess the habitability of
exoplanets (Silva et al. 2017; Murante et al. 2020).
Motivated by these facts, we will study how temper-
ature impacts the prospects for aquatic photosynthesis
on Earth-analogs.1 Our reasons for choosing to investi-
gate aquatic photosynthesis are twofold. First, the im-
portance of photosynthesis is well-established from the
standpoint of physics and biochemistry as stellar radia-
tion is the most plentiful source of thermodynamic dise-
quilibrium (Deamer & Weber 2010), and photosynthesis
represents the dominant avenue for the biosynthesis on
organic compounds on Earth (Bar-On et al. 2018).
In particular, we will focus on oxygenic photosynthesis
because its electron donor (water) is available in plenti-
ful supply, consequently ensuring that this mechanism is
not stymied by the access to electron donors (Ward et al.
2019). Moreover, the advent of oxygenic photosynthesis
is known to have profoundly altered Earth’s geochem-
istry and biology (Lane 2002; Judson 2017). We will
adopt the conventional range of λmin = 400 nm and
λmax = 700 nm for oxygenic photosynthesis (Blanken-
ship 2014, Chapter 1.2), known as photosynthetically
1 By Earth-analogs, we refer to rocky planets that are sufficiently
similar to Earth insofar as their geological, physical, and chemical
properties are concerned.
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2active radiation (PAR).2 We will not tackle the possibil-
ity of multi-photon schemes that might elevate λmax to
longer wavelengths (Wolstencroft & Raven 2002; Kiang
et al. 2007; Lingam & Loeb 2019b), because their effi-
cacy has not been adequately established.
The second reason as to why we tackle aquatic photo-
synthesis stems from the fact oceans contribute nearly
half to the overall NPP of Earth (Field et al. 1998). In
fact, Earth was mostly composed of oceans (i.e., virtu-
ally no large landmasses) for some fraction of its history
(Iizuka et al. 2010; Arndt & Nisbet 2012), implying that
aquatic photosynthesis would have played an even more
significant role in that case. A few theoretical models
have even proposed that continents only emerged in late-
Archean era at 2.5 Gya (Flament et al. 2008), and this
conjecture seems to be compatible with the recent anal-
ysis of oxygen-18 isotope data from the Pilbara Craton
of Western Australia (Johnson & Wing 2020).
Looking beyond Earth, statistical analyses of exoplan-
ets indicate that a substantial fraction of super-Earths
are rich in volatiles (Rogers 2015; Wolfgang & Lopez
2015; Chen & Kipping 2017; Zeng et al. 2018; Jin &
Mordasini 2018). In particular, some of the Earth-sized
planets in the famous TRAPPIST-1 system (Gillon et al.
2017) may fall under this category, with the water frac-
tion potentially reaching values as high as ∼ 10% by
mass (Grimm et al. 2018; Unterborn et al. 2018; Dorn
et al. 2018). The habitability of ocean planets (also
called water worlds), which are wholly devoid of conti-
nents (Kuchner 2003; Le´ger et al. 2004), has been ana-
lyzed from multiple standpoints (Cowan & Abbot 2014;
Goldblatt 2015; Noack et al. 2017; Kite & Ford 2018;
Ramirez & Levi 2018; Lingam & Loeb 2019c). A fair
amount of attention has also been devoted to oceano-
graphic phenomena such as circulation patterns and nu-
trient upwelling (Hu & Yang 2014; Cullum & Stevens
2016; Lingam & Loeb 2018a; Yang et al. 2019; Checlair
et al. 2019; Del Genio et al. 2019; Olson et al. 2020;
Salazar et al. 2020) on such worlds. However, a detailed
treatment of the salient characteristics of aquatic pho-
tosynthesis remains missing for the most part.
The outline of the paper is as follows. We describe
some of the basic tools needed to facilitate our analysis
in Sec. 2. We follow this up by calculating how the prop-
erties of aquatic photosynthesis such as the compensa-
tion depth and the net primary productivity (NPP) vary
with the ocean temperature in Sec. 3. Next, we de-
lineate the ramifications arising from our modeling for
Earth and M-dwarf exoplanets in Sec. 4, and we con-
clude with a synopsis of our central findings in Sec. 5.
2 To be precise, oxygenic photosynthesis can operate at wave-
lengths of 350-750 nm (Chen & Blankenship 2011; Nu¨rnberg
et al. 2018), but the canonical choice of the PAR range delin-
eated above does not alter our subsequent results significantly.
2. MATHEMATICAL PRELIMINARIES
In order to study the basic characteristics of aquatic
photosynthesis vis-a`-vis their dependence on the average
ocean temperature (TW ), we hold all parameters (bio-
logical, geological and astrophysical) identical to that of
Earth. We consider two different Earth-analogs here-
after: one around a solar twin (Planet G) and the other
around a late-type M-dwarf (Planet M) with effective
temperatures of T = 5780 K and T = 2500 K, respec-
tively; the latter temperature has been chosen to closely
resemble that of TRAPPIST-1 (Delrez et al. 2018). The
reason for doing so is that Sun-like stars are consid-
ered “safe” targets for biosignature searches (Kasting
et al. 1993; Heller & Armstrong 2014; Lingam & Loeb
2018b), whereas the habitability of M-dwarf exoplanets,
especially those orbiting active stars, remains subject to
many ambiguities (Tarter et al. 2007; Scalo et al. 2007;
Shields et al. 2016; Lingam & Loeb 2019a).
In what follows, we draw upon two major simplifying
assumptions. First, we model the star as an idealized
black body with an effective temperature of T . Second,
we account for the attenuation of PAR after the passage
through the atmosphere by introducing a fudge factor.
While neither of these simplifications are entirely real-
istic, the global results are known to deviate from more
realistic models and data by a factor of only < 1.5 for
the most part (Lingam & Loeb 2020).3 The reason for
this reasonable degree of accuracy stems from the fact
that most of the basic quantities we compute hereafter
exhibit a weak (i.e., semi-logarithmic) dependence on
the two assumptions outlined above.
As we are dealing with Earth-analogs, the stellar flux
at the planet’s location is taken to be S⊕ ≈ 1360 W/m2.
At the substellar point on the planet, the photon flux
density (Nmax) at the top of the atmosphere is given by
Nmax(λ) ≈ nλ
(
R?
d?
)2
, (1)
with R? and d? constituting the stellar and orbital ra-
dius, respectively, whereas nλ is the photon flux density
of the star at its surface. The black body brightness Bλ
is invoked to yield
nλ =
Bλ
(hc/λ)
=
2c
λ4
[
exp
(
hc
λkBT
)
− 1
]−1
, (2)
where λ is the photon wavelength. As we have assumed
the stellar flux is equal to S⊕ for the Earth-analogs, we
3 In fact, the spatial heterogeneity inherent to oceans are known
to introduce local variations that are more than an order of mag-
nitude greater than this factor (Behrenfeld et al. 2005), owing to
which the estimates in Lingam & Loeb (2020) can be regarded
as fairly accurate global values.
3can express d? as follows:
d? =
√
L?
4piS⊕
(3)
where the stellar luminosity (L?) is given by L? =
4piσR2?T
4. After employing this relation in (1), we find
that Nmax transforms into
Nmax(λ) ≈ nλS⊕
σT 4
. (4)
It is, however, necessary to recognize that Nmax consti-
tutes an upper bound for the photon flux density at the
surface for two reasons. First, this photon flux density
is calculated at the zenith, and therefore ignores the fact
that a given location will not always correspond to the
substellar point. Second, the effects of clouds and atmo-
spheric attenuation are neglected. Hence, a more viable
expression for the photon flux density at the planet’s
surface (Navg) is given by
Navg(λ) ≈ Nmax(λ) · fI · fCL, (5)
with fCL embodying the total atmospheric attenuation
(Sarmiento & Gruber 2006, Chapter 4.2)., and fI quanti-
fying the average intensity of light at a given location as
a fraction of the intensity at the substellar point. Hence-
forth, we adopt fA ≡ fI · fCL ≈ 0.2 to maintain com-
patibility with Earth’s parameters (Sarmiento & Gruber
2006, Chapter 4.3); altering this fraction by a factor of
order unity does not change our results significantly due
to the logarithmic dependence alluded to earlier in this
section (Lingam & Loeb 2020). With this choice of fA,
it should be noted that Navg(λ) ≈ 0.2Nmax(λ).
Given the photon flux density, denoted by N0(λ), at
the surface, we are in a position to calculate the photon
flux F at a depth z below the surface of the ocean. This
quantity is found by convolving N0(λ) and the vertical
attenuation coefficient K in the oceans, thus yielding
F(z) ≈
∫ λmax
λmin
N0(λ) exp (−Kz) dλ. (6)
It should be noted that N0(λ) is equal to Nmax or Navg,
depending on what scenario we wish to analyze. Now,
let us turn our attention to K, which we shall rewrite as
K = KW +KI (Kirk 2011, Chapter 9.5). The first term
(KW ) is the attenuation coefficient associated with wa-
ter whereas KI accounts for the attenuation stemming
from impurities as well as biota. In order to tackle KW ,
we begin by noting that it has been tabulated as a func-
tion of λ in many sources (Hale & Querry 1973; Kou
et al. 1993; Litjens et al. 1999). Based on the data taken
from Pope & Fry (1997, Table 3), the following simple
exponential fit was employed by Lingam & Loeb (2020)
across the PAR range:
KW,22 ≈ 1.4× 10−5 m−1 exp
(
λ · 1.54× 107 m−1) , (7)
although it is essential to recognize that the data had
been collected at 22 ◦C (Pope & Fry 1997, Table 3). In
general, KW is not only dependent on λ but also on TW .
The ocean temperature in turn varies with depth, but it
only changes by a few K in the zone where photosynthe-
sis occurs (Pawlowicz 2013). Hence, we shall treat TW
as being roughly constant, enabling us to model it as a
free parameter in the model. In order to account for the
dependence on TW , we employ the linear temperature
scaling that has been confirmed by a number of empir-
ical studies (Langford et al. 2001; Sullivan et al. 2006;
Ro¨ttgers et al. 2014), enabling us to write
KW (TW , λ) = KW,22 + α(λ)∆T22, (8)
where α(λ) represents the wavelength-dependent tem-
perature coefficient (units of m−1 K−1), and ∆T22 =
TW − 295 represents the deviation from the standard
water temperature of 22 ◦C used for calculating KW,22.
For the PAR range considered herein, the second term
on the right-hand-side of the above expression is always
much smaller than the first term provided that ∆T22
is O(10) K. This condition arises because α is nearly
zero across the PAR range (. 10−3 m−1 K−1), as can
be verified by comparing Ro¨ttgers et al. (2014, Figure
5) and Sullivan et al. (2006, Table 1) with Pope & Fry
(1997, Table 3). Apart from the temperature depen-
dence, we note that KW also exhibits a dependence on
the salinity, which is expected to vary from one ocean to
another. However, we have implicitly held the salinity
fixed to that of the global value of Earth’s oceans. More
importantly, the salinity dependence is weak across the
PAR range, as shown by experimental studies (Sullivan
et al. 2006; Ro¨ttgers et al. 2014).
Next, we turn our attention to the other attenuation
coefficient KI . If one considers the case with pure wa-
ter, i.e., amounting to KI → 0, it follows that F is
maximized for a given depth ceteris paribus. In a more
realistic setting, however, we shall adopt KI ≈ 0.08 m−1
to maintain consistency with the typical attenuation co-
efficient of Earth’s oceans (Sarmiento & Gruber 2006,
Chapter 4.2). In actuality, KI will also be a function
of wavelength and temperature, but the exact depen-
dence is dictated by complex oceanographic and biolog-
ical (e.g., density of photoautotrophs) factors, owing to
which we have opted for a constant value.
At this stage, it is worth recapitulating the two broad
scenarios we shall be considering. The first corresponds
to the ideal case where the star is at the substellar
point, and there is no attenuation because of the at-
mosphere and oceanic impurities. In other words, we
employ N0(λ) = Nmax and K = KW , and introduce
the superscript “I” (i.e., ideal). This case was studied
extensively by Ritchie et al. (2018), albeit with an ex-
clusive focus on Earth and Proxima b. The second case
accounts for time-averaged stellar flux and the existence
of biological attenuation. Here, we select N0(λ) = Navg,
K = KW + KI and the finite value of KI defined in
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Figure 1. In both panels, the photon flux in units of the compensation flux (FC) is shown for an Earth-analog orbiting a solar
twin (Planet G) as a function of the depth; the compensation flux specifies the photon flux at which net growth of the organism
is not feasible. The various curves correspond to different choices of the global ocean temperature, and the intersection points
of the various curves with the dashed horizontal line yield the compensation depths. In the left panel, the optimistic case with
minimal attenuation and maximum incident stellar flux is illustrated. In the right panel, the realistic case that duly accounts
for both these is depicted.
the prior paragraph, and label it using the superscript
“R” (i.e., realistic). For each of these two scenarios, we
consider two different Earth-analogs (Planets E & M)
delineated at the beginning of this section.
In our subsequent analysis, we will draw upon the
basic physiological properties of the dominant phyto-
plankton species on Earth. While this line of reasoning
is undoubtedly parochial, we note that Earth-based or-
ganisms are commonly used as proxies in numerous as-
trobiological contexts ranging from extremophiles and
microbial ecosystems in the oceans of icy moons (Chyba
& Hand 2001; Rothschild & Mancinelli 2001; Merino
et al. 2019; Lingam & Loeb 2019d) to the limits of com-
plex multicellular life on exoplanets (Silva et al. 2017;
Schwieterman et al. 2019; Lingam 2020; Ramirez 2020).
Furthermore, the choice of phytoplankton as putative
biota is motivated by the fact that they are the major
source of carbon fixation in the oceans of modern Earth
(Field et al. 1998; Falkowski et al. 2004; Canfield et al.
2005; Raven 2009). Hence, by utilizing the prior frame-
work, we are now equipped to analyze the prospects for
Earth-like aquatic photosynthesis on other worlds char-
acterized by different ocean temperatures.
3. CHARACTERISTICS OF AQUATIC
BIOSPHERES
In this section, we examine how some of the salient
properties of aquatic biospheres depend on the ocean
temperature; in some cases, we also investigate the joint
dependence on stellar and ocean temperatures.
3.1. Compensation depth
The definitions and significance of the compensation
depth (ZCO) and the critical depth (ZCR) have been
recongnized since the mid-20th century Sverdrup et al.
(1942); Sverdrup (1953), and these two concepts have
been further discussed in Canfield et al. (2005); Mann
& Lazier (2006); Falkowski & Raven (2007); Kirk (2011);
Middelburg (2019). Broadly speaking, both of these
quantities are important because they enable us to gauge
the depths at which photosynthetic organisms can exist
and/or give rise to tangible biosignatures. The euphotic
zone depth, where the flux becomes 1% of its surface
value, is another useful measure but it is divorced from
biological properties altogether, and does not constitute
a reliable metric for the extent of the photosynthesis
zone on Earth (Banse 2004; Marra et al. 2014).
In order to calculate ZCO, it is necessary to determine
the location at which the flux is equal to the compen-
sation flux FC). The latter is defined as the flux at
which the rate of growth via photosynthesis is equal to
the rate of respiration; in other words, at this depth,
the net growth rate of the photoautotroph in question
becomes equal to zero (Marshall & Orr 1928). The key
point worth appreciating here is that FC is not con-
stant even for a given organism because it is intrinsically
temperature-dependent. Thus, our chief objective is to
find a suitable function that will adequately describe the
behavior of FC with respect to TW .
5In the classical model for the compensation flux, it is
proportional to ΓR/ΓP - see Siegel et al. (2002, Equa-
tion 2) and Mann & Lazier (2006, Chapter 3) - with
ΓR and ΓP signifying the rates of respiration and pho-
tosynthesis, respectively. Thus, if we know how these
rates vary with temperature, one can duly formulate
the expression for FC . The temperature dependence of
these rates is subject to uncertainty and many different
fitting functions have been considered. However, both
the standard metabolic theory of ecology (Gillooly et al.
2001; Brown et al. 2004) and recent analysis of empirical
data from Earth’s oceans (Kirchman 2018, Figure 3.3)
predict that both these rates are well described by the
well-known Arrhenius equation.
Hence, by utilizing the respective activation energies
for these two processes (Regaudie-De-Gioux & Duarte
2012, Section 3), we end up with
ΓR
ΓP
∝ exp
(
− ∆E
kBTW
)
, (9)
where ∆E ≈ 0.34 eV constitutes the “net” activation en-
ergy, i.e., the difference between the corresponding acti-
vation energies. An important point worth noting is that
the above ansatz for ΓR/ΓP is monotonically increasing
with temperature. It is very unlikely that this behav-
ior would be obeyed ad infinitum because the Arrhe-
nius equation breaks down beyond a certain temperature
(Kingsolver 2009; Angilletta 2009; Schulte 2015). The
issue, however, is that the optimum temperature, after
which the trend reverses, is species-dependent (Clarke
2017; Corkrey et al. 2018), and is modulated to some
degree by the environment(s) of the putative organisms.
We will restrict ourselves to 273 < TW < 323 K, as this
interval roughly overlaps with the temperature range of
280 < TW < 322 K studied in Barton et al. (2020, pg.
724). In that study, diverse marine phytoplankton were
shown to obey (9) for a broad thermal range.
By utilizing the above relationships, the temperature
dependence of FC is modeled as
FC ≈ 10µmol m−2 s−1 G(TW ), (10)
where we have introduced the auxiliary function
G(TW ) ≡ exp
[
13.6
(
1− T0
TW
)]
, (11)
with T0 ≈ 289 K representing the global surface temper-
ature of Earth’s oceans.4 The constant of proportional-
ity in (10) has been chosen as it represents the compen-
sation flux for phytoplankton in Earth’s oceans within a
factor of ∼ 2 (Nelson & Smith 1991; Marra 2004; Mann
& Lazier 2006; Regaudie-De-Gioux & Duarte 2010). By
solving for F(z) = FC , we are equipped to calculate
4 https://www.ncdc.noaa.gov/sotc/global/201913
the compensation depth ZCO as a function of both the
stellar temperature and ocean temperature.
In Fig. 1, the photon flux normalized by the compen-
sation flux is plotted for an Earth-analog orbiting a solar
twin (Planet G). The various curves correspond to dif-
ferent ocean temperatures. In both panels, we find that
ZCO decreases with the temperature along expected
lines. The physical reason for this trend is that the
increase in the rate of respiration outpaces that of pho-
tosynthesis when the temperature is elevated, thereby
ensuring that the location at which the two processes
balance each other is shifted closer to the surface, i.e.,
leading to a reduction in ZCO.
We observe that the ocean temperature has a moder-
ate effect on the magnitude of ZCO for both cases. In
the ideal scenario (left panel), the compensation depth
changes from Z(I)CO ≈ 300 m at TW = 5 ◦C to Z(I)CO ≈ 130
m at TW = 45
◦C. For the realistic case (right panel),
the compensation depth evolves from Z(R)CO ≈ 24 m at
TW = 5
◦C to Z(R)CO ≈ 8.5 m at TW = 45 ◦C. Thus,
in both instances, we see a moderate variation in ZCO
induced by the varying ocean temperature.
Fig. 2 is analogous to that of Fig. 1, except that the
Earth-analog (Planet M) is situated around a late-type
M-dwarf closely resembling TRAPPIST-1 insofar as its
effective temperature is concerned. Even for this system,
we observe a decrease in ZCO when TW is increased,
but the impact of this variable is both qualitatively and
quantitatively different than for Planet G. For the ideal
case (left panel), the compensation depth morphs from
Z(I)CO ≈ 26.5 m at TW = 5 ◦C to Z(I)CO ≈ 3.5 m at TW =
45 ◦C. Thus, in this case, we determine that the ocean
temperature could influence the compensation depth by
almost an order of magnitude.
However, an even more drastic result is observed for
the realistic case, i.e., the right panel of Fig. 2. At
TW = 5
◦C, we obtain Z(R)CO ≈ 3 m, but when we con-
sider TW = 45
◦C instead, we find Z(R)CO = 0. This cutoff
arises because the temperature increases the compensa-
tion point to the extent that it overshoots the incident
photon flux at the ocean’s surface.5 In fact, we find
that F0 ≡ F (R)(z = 0) < FC occurs for TW > 24 ◦C,
implying that ocean temperatures above this value are
relatively unlikely to host phytoplankton-like biota on
exoplanets orbiting stars like TRAPPIST-1.
Motivated by our finding, we define ζ ≡ F0/FC and
study the regimes in which ζ < 1 is valid; this criterion
enables us to assess the conditions under which Earth-
like oxygenic photoautotrophs have a low likelihood of
existence. We only tackle the realistic case herein, as
it permits ζ < 1 to occur in the parameter space. The
5 We reiterate that our analysis deals with Earth-like biota, and
the results need not necessarily apply to putative oxygenic pho-
toautotrophs in the oceans of M-dwarf exoplanets.
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Figure 2. In both panels, the photon flux in units of the compensation flux (FC) is shown for an Earth-analog orbiting a
late-type M-dwarf akin to TRAPPIST-1 (Planet M) as a function of the depth; the compensation flux specifies the photon
flux at which net growth of the organism is not feasible. The various curves correspond to different choices of the global ocean
temperature, and the intersection points of the various curves with the dashed horizontal line yield the compensation depths.
In the left panel, the optimistic case with minimal attenuation and maximum incident stellar flux is illustrated. In the right
panel, the realistic case that duly accounts for both these is depicted.
results are shown in Fig. 3, from which it is apparent
that some of the smallest M-dwarfs might be incapable
of hosting phytoplankton-like biota. In particular, for
the maximal choice of TW = 50
◦C, we determine that
stars with T < 3150 K may be ruled out in this cate-
gory. Thus, in the presence of sufficiently warm oceans,
exoplanets around late-type M-dwarfs could encounter
difficulties in sustaining aquatic photosynthesizing or-
ganisms analogous to modern Earth.
3.2. Critical depth
The critical depth was introduced by Gran & Braarud
(1935), and placed on a quantitative footing by Sverdrup
(1953). It can be envisioned as a global version of the
compensation depth. The critical depth is the location
at which the vertically integrated net growth rate is zero,
i.e., the integrated photosynthetic growth rate is equal
to the integrated depletion rate because of respiration
and other factors (Mann & Lazier 2006, Chapter 3).
Photoautotrophs circulating in the region whose lower
boundary is set by the critical depth are therefore, at
least in principle, capable of survival.
The critical depth has the added advantage that
it regulates the feasibility of phytoplankton blooms
(Falkowski & Raven 2007), which have been posited
to be an example of temporal biosignatures (Lingam
& Loeb 2018a; Schwieterman et al. 2018). If the ocean
mixed layer depth is greater than the critical layer depth,
the initiation of phytoplankton blooms is rendered un-
likely, and vice-versa (Mann & Lazier 2006, pg. 94).
Although the critical depth concept remains influential
to this day (Obata et al. 1996; Siegel et al. 2002; Chiswell
2011; Fischer et al. 2014; Sathyendranath et al. 2015),
it has been subjected to some criticism (Smetacek &
Passow 1990; Behrenfeld 2010).
In order to calculate the critical depth (ZCR), a num-
ber of different formulae have been delineated in the lit-
erature (Sverdrup 1953; Kirk 2011; Middelburg 2019).
Most of the simpler models reduce to (Falkowski &
Raven 2007, equation 9.7):
KZCR ≈ ΓP
ΓR
, (12)
but they are correct only in the limiting case of K =
const, which is manifestly invalid. The generalization of
the above equation was adumbrated in Lingam & Loeb
(2020), who eventually obtained
ZCR ≈
(
ΓR
ΓP
)−1 ∫ λmax
λmin
[N0(λ)/K(λ)] dλ∫ λmax
λmin
N0(λ) dλ
. (13)
It is, however, necessary to recognize that ΓR/ΓP has
an intrinsic temperature dependence, as seen from (9).
Hence, we combine (13) with (9), thereby yielding
ZCR ≈ 3.36× 10
−2
G(TW )
∫ λmax
λmin
[N0(λ)/K(λ)] dλ∫ λmax
λmin
N0(λ) dλ
, (14)
where the normalization has been adopted based on
the global value for phytoplankton in Earth’s oceans
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Figure 3. In both panels, the photon flux at the surface normalized by the compensation flux (denoted by ζ is depicted. Regions
lying below the horizontal dashed line are relatively unlikely to host Earth-like biota in the oceans. Left panel: variation of ζ
with stellar temperature (in K) shown for different ocean temperatures. Right panel: variation of ζ with ocean temperature (in
◦C) shown for different stellar temperatures.
(Sarmiento & Gruber 2006, Chapter 4.3). The parame-
ters pertaining to the “R” scenario are adopted for the
sake of comparison with prior empirical studies.
The temperature dependence of the critical depth is
illustrated in Fig. 4. There are two points that emerge
from scrutinizing this figure. For a fixed ocean tempera-
ture, the dependence on the stellar temperature is weak.
This result is consistent with that of Lingam & Loeb
(2020), and stems from the fact that net growth primar-
ily takes place in the upper layers and thus compensates
for the regions with z > ZCO. However, when it comes
to the ocean temperature, we immediately notice a much
stronger variation of ZCR. As we move across the en-
tire ocean temperature range considered herein, we find
that ZCR varies by nearly an order of magnitude for any
given stellar temperature. For instance, after we specify
T = T, the critical depth evolves from Z(R)CR ≈ 416 m
at TW ≈ 0 ◦C to Z(R)CR ≈ 45 m at TW ≈ 50 ◦C.
Therefore, it is conceivable that the ocean tempera-
ture plays a major role in regulating the critical depth
on other worlds. In turn, this development suggests that
TW also acts as a key determinant of phenomena anal-
ogous to phytoplankton blooms, which may constitute
viable temporal biosignatures.
3.3. Net primary productivity
The NPP is arguably one of the most crucial and in-
formative property of a biosphere as it quantifies the
net amount of organic carbon synthesized via biological
pathways after accounting for losses dues to respiration
and other factors; we will express our results in units of
g C m−2 h−1 for the NPP. The NPP is a reliable mea-
sure of the amount of organic C generated via photo-
synthesis, as the latter constitutes the dominant carbon
fixation pathway (Berg 2011; Knoll 2015; Judson 2017;
Bar-On et al. 2018). A wide spectrum of models have
been developed to model NPP, and comprehensive re-
views can be found in Behrenfeld & Falkowski (1997)
and Falkowski & Raven (2007, Chapter 9).
We make use of Field et al. (1998, Equation 3) to cal-
culate the NPP, because this outwardly simple expres-
sion accounts for a number of environmental factors:
NPP = Csur · Z(R)CO · f(PAR) · Popt(TW ), (15)
where Csur is the chlorophyll concentration at the sur-
face, f(PAR) denotes the fraction of the water column
up to Z(R)CO where photosynthesis is light saturated, and
Popt(TW ) is the optimal carbon fixation rate. There ex-
ists, however, an inherent crucial subtlety that needs to
be spelt out here. In canonical versions of the above
formula, Z(R)CO is replaced by the euphotic zone depth.
However, as noted in Field et al. (1998, pg. 237), the
proper variable that ought to be deployed is the depth of
the zone where positive NPP is feasible, which is congru-
ent with the definition of the compensation depth. On
Earth, the euphotic zone depth (Lee et al. 2007) and
the compensation depth (Siegel et al. 2002; Middelburg
2019) are roughly equal to one another, but the same
relationship is not necessarily valid a priori for other
worlds; even on Earth, the reliability of the euphotic
zone as a measure of the photosynthesis zone depth has
been questioned (Banse 2004; Marra et al. 2014).
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Figure 4. In both panels, the critical depth (ZCR) - the location where the vertically integrated net growth rate is zero - is
plotted. Left panel: variation of ZCR with stellar temperature (in K) shown for different ocean temperatures. Right panel:
variation of ZCR with ocean temperature (in ◦C) shown for different stellar temperatures.
The NPP will depend not only on the stellar and ocean
temperatures but also on inherent biological factors such
as Csur that are spatially and temporally very heteroge-
neous. As the goal of the paper is to construct heuristic
global estimates, we rewrite (15) so that it yields the av-
erage global value for the Earth at T = T and TW = T0
(i.e., the parameters for Earth). By adopting the nor-
malization from Field et al. (1998),6 we obtain
NPP ≈ 1.5× 10−2 g C m−2 h−1
(
Z(R)CO
Z0
)
×P(TW )
( D
0.5
)(
G(T )
G(T)
)
, (16)
where Z0 ≈ 19 m represents the compensation depth
calculated at the fiducial ocean temperature of T0 using
the methodology in Sec. 3.1, while D denotes the frac-
tion of time that a given location receives stellar illumi-
nation. For planets like Earth, we expect D ≈ 0.5 (i.e.,
equipartition of day and night) whereas tidally locked
planets ought to have D ≈ 1 on the day side because
they receive stellar radiation in perpetuo. The auxiliary
functions G(T ) and P(TW ) are defined as follows:
G(T ) =
F0
F0 + FS , (17)
6 Note that subsequent estimates for the oceanic NPP have revised
the classic analysis of Field et al. (1998) by O(10%) (Westberry
et al. 2008), but this has a minimal impact on our subsequent
qualitative and quantitative results.
where FS ≈ 1.1 × 103 µmol m−2 s−1, and the stellar
temperature is implicitly present via F0.
P(TW ) =
 1 + exp
[
Eh
kB
(
1
Th
− 1T0
)]
1 + exp
[
Eh
kB
(
1
Th
− 1TW
)]

× exp
[
Ea
kB
(
1
T0
− 1
TW
)]
, (18)
where Ea ≈ 0.74 eV, Eh ≈ 6.10 eV and Th ≈ 34 ◦C
(Barton et al. 2020, pg. 726). Here, we have constructed
(16) and (17) based on Behrenfeld et al. (2005, Sec-
tion 2.4) and Behrenfeld & Falkowski (1997, Equation
10), but one point of divergence is that we have utilized
the SharpeSchoolfield equation as a proxy for Popt(TW )
(Barton et al. 2020) in lieu of Behrenfeld & Falkowski
(1997, Equation 11), as the latter becomes invalid for
TW > 30
◦C. The precise expression for Popt(TW ) for
phytoplankton has proven challenging to accurately pin
down. In consequence, a diverse array of functions,
some exhibiting exactly opposite trends with temper-
ature, have been employed for this purpose (Behrenfeld
et al. 2005). Hence, we recommend that the ensuing
results should be interpreted with due caution.
We have presented the NPP for the two Earth-analogs
(Planet G and Planet M) in Table 1. There are several
interesting results that emerge from inspecting this ta-
ble. We begin by considering Planet G, which orbits a
solar twin and enables us to gauge the role of TW . We see
that the NPP increases with ocean temperature up to
∼ 30 ◦C, but this rise is relatively modest. It is primar-
ily driven by the fact that the rate of carbon fixation, as
encapsulated by P(TW ), increases with temperature in
9Table 1. Net primary productivity for the Earth-analogs
Ocean temperature (◦ C) Relative NPP of Planet G Relative NPP of Planet M
5 0.4 9× 10−3
10 0.6 10−2
15 0.9 10−2
20 1.4 8× 10−3
25 2.0 0
30 2.7 0
35 1.2 0
40 6× 10−2 0
45 2× 10−3 0
Notes: The NPP is expressed in terms of the temporally averaged value associated with modern Earth’s oceans, namely,
1.5 × 10−2 g C m−2 h−1. The NPP for these two Earth-analogs is calculated by deploying (16). Planet G orbits a solar twin
whereas Planet M is situated near a late-type M-dwarf akin to TRAPPIST-1; the other properties of the two planets are
otherwise identical.
this regime. Once the peak temperature of the thermal
performance curve is attained (Tpk), however, the rate
of carbon fixation declines sharply, and thereby drives
the estimated steep decline in NPP for TW > 35
◦C.
Now, let us turn our attention to Planet M around a
late-type M-dwarf similar to TRAPPIST-1. Even for a
fixed temperature, say TW = 5
◦C, we notice that the
NPP is lower than Planet G by roughly two orders of
magnitude. The reasons for the diminished NPP are
twofold: (i) the compensation depth is much reduced,
as already pointed out in Sec. 3.1, and (ii) the flux of
PAR is corresponding lower at the surface, thereby mak-
ing the last term on the right-hand-side of (16) smaller
than unity. The next major feature we notice is that
the NPP vanishes above TW ∼ 20 ◦C. This result is
a direct consequence of the fact that the compensation
depth becomes zero above a threshold temperature as
explained in Sec. 3.1. Hence, exoplanets orbiting late-
type M-dwarfs may have a low likelihood of large-scale
carbon fixation by phytoplankton-like biota. Of course,
the NPP is not guaranteed to become zero sensu stricto
because anoxygenic photoautotrophs are capable of car-
bon fixation by definition (Konhauser 2007; Schlesinger
& Bernhardt 2013), as are many microbial taxa in the
deep biosphere (Orcutt et al. 2011; Edwards et al. 2012).
4. DISCUSSION
We will discuss some of the implications of our work in
connection with mapping the trajectories of the Earth
as well as M-dwarf exoplanets.
4.1. The past and future Earth
We begin by tackling the ramifications of the preced-
ing analysis for the Earth’s aquatic biosphere, with re-
spect to both its past, present and future.
As noted previously, there is a sharp downswing in
NPP shortly after the peak temperature Tpk is attained.
While there are grounds for contending that Tpk ∼ 30 ◦C
(Barton et al. 2020), this matter is admittedly not con-
clusively settled. Now, let us suppose that the Earth’s
temperature was raised by ∼ 10 ◦C abruptly. In large
swathes of the ocean, it is conceivable that TW > Tpk,
thereby triggering a sharp downswing in the NPP in
these regions. In turn, given that phytoplankton are
the foundation of oceanic food webs and trophic inter-
actions (Barnes & Hughes 1999; Valiela 2015; Kirchman
2018), this rapid decline in NPP ought to have adverse
consequences for marine ecosystems and could thus po-
tentially drive a mass extinction event.
Recent theoretical modeling and the analysis of oxy-
gen isotope ratios from biogenic apatite indicates that
the Paleo-Tethys sea underwent a warming of ∼ 11
◦C due to massive volcanic eruptions (i.e., the Siberian
traps) toward the end of the Permian (Penn et al. 2018);
see also Sun et al. (2012). It is well-known that the ensu-
ing PermianTriassic extinction event was the largest of
its kind in the Phanerozoic, operating over a timescale of
∼ 0.06 Myr (Burgess et al. 2014), and entailed a recovery
time of ∼ 10 Myr (Chen & Benton 2012). The reasons
for the PTr extinction are manifold and still subject to
some debate regarding their relative impact (Knoll et al.
2007; Clarkson et al. 2015; Bond & Grasby 2017). Our
work lends further credence to the hypothesis that the
depth of the photosynthesis zone and NPP were reduced
significantly in this period.
Several authors have identified certain similarities be-
tween the P-T extinction and the ongoing Anthro-
pocene extinction, and addressed the deleterious effects
of global warming on phytoplankton and oceanic NPP
(Hoegh-Guldberg & Bruno 2010; Barnosky et al. 2011;
Payne & Clapham 2012; Munday et al. 2013; Halsey &
Jones 2015; McCauley et al. 2015; Behrenfeld et al. 2016;
Penn et al. 2018). As this subject has been extensively
investigated, we shall not comment further on it here.
It suffices to say that rapidly rising temperatures are
eventually anticipated to drive the NPP downwards and
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instigate large-scale extinctions of marine biota. There
is, however, another subject that has not been as widely
studied because it lies in the distant future.
As the Sun continues to grow brighter, the surface
temperature will also increase commensurately because
of the greenhouse effect until the Earth eventually be-
comes uninhabitable (Caldeira & Kasting 1992; Gold-
blatt & Watson 2012; Rushby et al. 2013). Based on
Wolf & Toon (2015, Section 3.1), we note that a global
temperature of 312 K is expected when the solar lumi-
nosity is 1.1 times the present-day value. By utilizing
Gough (1981, Equation 1), the stellar luminosity asso-
ciated with this temperature is expected to occur ∼ 1.2
Gyr in the future. It is important to note, however, that
climate models do not fully agree on the critical flux at
which the greenhouse state is likely to be activated, im-
plying that a timescale of < 1 Gyr ought not be ruled
out (Goldblatt et al. 2013; Leconte et al. 2013; Kasting
et al. 2015; Popp et al. 2016; Wolf et al. 2017).
If we suppose that the global ocean temperature tracks
the average surface temperature, the above analysis sug-
gests that TW ∼ 39 ◦C would occur ∼ 1.2 Gyr hereafter.
After examining Table 1, we find that the oceanic NPP
at this TW is likely to be < 10% of the present-day value.
On account of the diminished NPP, eventual depletion
of atmospheric O2 is plausible for reasons adumbrated
in the next paragraph, namely, when the sinks outpace
the source(s). A decline in atmospheric oxygen could, in
turn, led to the extinction of much complex life that re-
quires high O2. Thus, in toto, the biosphere is unlikely
to exhibit the same complexity as that of present-day
Earth, which is broadly consistent with earlier predic-
tions by O’Malley-James et al. (2013, 2014).
4.2. M-dwarf exoplanets
Now, let us turn our attention to Planet M, the hy-
pothesized exoplanet around a late-type M-dwarf.
We have noted previously that the NPP is only a few
percent of the Earth’s current oceanic NPP. Hence, be-
cause of the low NPP, unless the burial efficiency of or-
ganic carbon is unusually high, it is likely that the flux
of O2 contributed by oxygenic photosynthesis will be
correspondingly small. Hence, it becomes more feasible
for the sinks of atmospheric O2 (e.g., continental weath-
ering and volcanic outgassing) to dominate this source.
The end result is that O2 has a low likelihood of accu-
mulating to detectable levels in the atmosphere (Catling
& Kasting 2017). This potential development has two
consequences in turn. First, O2 has been conjectured to
be a prerequisite for complex life (Knoll 1985; Catling
et al. 2005), at least up to a certain limit (Lingam 2020).
Hence, the evolution of complex life might be suppressed
on this category of worlds. Second, the absence of atmo-
spheric O2 or O3 for the aforementioned reasons despite
the existence of a biosphere is one example of a “false
negative”, which can hinder or complicate the search for
extraterrestrial life (Reinhard et al. 2017).
It is instructive to compare our results with prior anal-
yses of similar topics. Wolstencroft & Raven (2002, Ta-
ble A9) calculated the oceanic NPP, albeit at a fixed
depth of 10 m using a simple model based on the photon
flux, and found that it is ∼ 5 times lower for an Earth-
analog around an M0 star. In a similar vein, Lehmer
et al. (2018) and Lingam & Loeb (2019e) employed sim-
ple models for the NPP linearly proportional to the pho-
ton flux and found that late-type M-dwarfs are unlikely
to have biospheres with the same NPP as modern Earth
and build up atmospheric O2 to detectable levels. Thus,
by and large, our work is compatible with earlier studies,
but it took several other environmental and physiologi-
cal variables into account.
There is a notable caveat that we have implicitly pre-
sumed heretofore that merits a brief discussion. Al-
though we have explored the characteristics of aquatic
photosynthesis, we have relied upon the photon flux and
the ambient temperature as the major input parame-
ters. In actuality, however, the NPP is also dictated by
the prevalence of nutrients, especially the ultimate lim-
iting nutrient phosphate (Tyrrell 1999; Filippelli 2008;
Schlesinger & Bernhardt 2013; Kipp & Stu¨eken 2017;
Laakso & Schrag 2018, 2019; Hao et al. 2020). Water
worlds are ostensibly hampered in this respect due to
their potentially lower rates of weathering and nutrient
delivery to oceans (Wordsworth & Pierrehumbert 2013;
Kite & Ford 2018; Lingam & Loeb 2018c, 2019c; Olson
et al. 2020). Hence, such planets around late-type M-
dwarfs may be doubly disadvantaged by the paucity of
nutrients and photons in the PAR range.
It is helpful to examine the prospects for testing our
results at this juncture. A number of publications men-
tioned in the prior paragraph have already outlined
strategies to test whether the stellar spectral type af-
fects the NPP and the accompanying rise in atmospheric
O2 levels. Therefore, we will restrict ourselves to worlds
with varying ocean temperature. As Table 1 reveals, a
fairly steep decline in the NPP is expected above a cer-
tain cutoff temperature. On the other hand, an inspec-
tion of (15) suggests that the surface density of chloro-
phyll (Csur), which is treated like an independent pa-
rameter, is not necessarily affected. Hence, at least in
principle, the detection of photoautotrophs ought to be
feasible via the photosynthetic red edge (Seager et al.
2005), especially if the organisms cover a large fraction
of the surface (O’Malley-James & Kaltenegger 2019).
If we can therefore sample enough planets and dis-
cern a critical ocean temperature (for which the sur-
face temperature might serve as a rough proxy) above
which no biogenic O2 and O3 are detected but a tan-
gible photosynthetic red edge is found, such a distinct
correlation could provide an avenue for falsifying our hy-
pothesis. However, this strategy is not easily realizable
in the near-future because it calls for access to a suffi-
ciently large sample of worlds with reliable biosignatures
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and surface temperature measurements (Grenfell 2017;
Schwieterman et al. 2018; Fujii et al. 2018).
5. CONCLUSIONS
In this paper, we investigated how the ambient ocean
temperature TW dictates the characteristics of aquatic
biospheres on Earth-like worlds, albeit under the key as-
sumption that the putative biota resemble phytoplank-
ton - the chief sources of NPP in Earth’s oceans - in
terms of their physiological properties.
We began by estimating the compensation depth and
critical depth, as they serve to quantify the depths at
which the net growth rate and vertically integrated net
growth rate become zero, respectively. We showed that
the ocean temperature has a relatively moderate influ-
ence on the compensation depth for an Earth-analog
around a solar twin (Planet G), as ZCO varies only by
a factor of < 3. In contrast, when it comes to an Earth-
like world orbiting a late-type M-dwarf (Planet M) akin
to TRAPPIST-1, we found that TW causes ZCO to vary
by at least an order of magnitude. Furthermore, suf-
ficiently warm oceans may preclude phytoplankton-like
biota from existing on these worlds altogether. We cal-
culated the critical depth and showed that it is sensitive
to TW , and varies by nearly an order of magnitude for
the temperature range considered herein.
Next, we examined the NPP in the oceans of Planet
G and Planet M as a function of the ocean temperature.
The reason for studying the NPP is discussed in more
detail below. This calculation entailed the estimation of
several variables, but a few of them have not been ro-
bustly expressed as functions of TW . Bearing this caveat
in mind, we found that the NPP on Planet G was not
very sensitive to TW until it exceeded a certain threshold
after which the rate of carbon fixation dropped precip-
itously and drove a corresponding decline in the NPP.
For the case of Planet M, the NPP was determined to be
. 1% that of modern Earth, primarily due to the shal-
lowness of the photosynthesis zone as well as the lower
PAR fluxes. When ocean temperatures were sufficiently
raised, the conditions for phytoplankton-like biota be-
came untenable as noted in the earlier paragraph, and
consequently led to the NPP approaching zero.
Lastly, we analyzed the ramifications of our work in re-
lation to Earth and exoplanets from late-type M-dwarfs.
We discussed how an increase of ∼ 10 ◦C in the ocean
temperature - such as what probably occurred during
the P-Tr extinction due to volcanism and is expected
to happen . 1 Gyr in the future because of the in-
creasing solar luminosity - could radically transform
Earth’s aquatic biosphere and make its NPP < 10%
of its present-day value in certain regions of the oceans.
In a similar vein, we pointed out that the aquatic bio-
spheres of Earth-like worlds around late-type M-dwarfs
may have NPPs that are. 1% of Earth’s current oceanic
NPP. If this prediction is correct, these worlds would be
unlikely to accumulate atmospheric O2, but signatures
of life are potentially detectable by means of the pho-
tosynthetic red edge. We concluded our discussion by
sketching methods by which the behavior of NPP with
temperature might be gauged by future observations.
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